Tettigoniidae (katydids) are a diverse group of insects that are well known for their leaf-like camouflage and acoustic signaling. We present the first comprehensive phylogenetic analysis of katydids based on five molecular markers (18S rDNA, 28S rDNA, cytochrome c oxidase II, wingless, and histone 3) for 235 katydid taxa representing the overall diversity of the group. We specifically investigate the monophyly of katydid subfamilies and tribes and elucidate the origins and subsequent dispersal of katydids that has led to their cosmopolitan distribution. Katydids diverged from their ensiferan ancestor in the late Jurassic (~155 MYA) and multiple transoceanic dispersals have resulted in katydids inhabiting nearly every terrestrial biome outside the arctic regions. We find that the subfamilies Zaprochilinae, Saginae, Pterochrozinae, Conocephalinae, Hexacentrinae, Hetrodinae, Austrosaginae, and Lipotactinae are monophyletic while Meconematinae, Listroscelidinae, Tettigoniinae, Pseudophyllinae, Phaneropterinae, Mecopodinae, and Bradyporinae are paraphyletic. This widespread paraphyly is largely due to the convergent evolution of ecomorphs across different continents. Consequently, many of the characters that delineate the subfamilies are convergent, and in many cases biogeography is a better predictor of relationships than taxonomy. We provide a summary of taxonomic changes to better bring katydid taxonomy in line with their phylogeny.
diagnose which subfamilies needed to be revised (Mugleston et al. 2013) , but the katydid tribes have yet to be examined in detail.
Tettigoniidae was originally described under Locustrariae (Latreille 1802) . Later Burmeister (1838) grouped tettigoniids with species now placed within Stenopelmatidae and Gryllacrididae. Most of the current subfamilies were originally described as families under Locustodea (Brunner von Wattenwyl 1878), but later renamed as subfamilies under Tettigoniidae when Krauss (1902) described the family. Zeuner (1936) attempted to describe the taxonomic relationships based on wing venation and auditory tracheal morphology, and proposed two major subfamily groups with five subdivisions (Table 1) . Subsequent authors largely rejected these subfamily groups, but Rentz (1979) presented a similar overall scheme with his 'primitive' and 'advanced' katydid subfamily distinctions. The relationships among the subfamilies have been based largely on an intuitive evolutionary tree presented by Gorochov (1988) . The first approach to resolve the phylogenetic relationships of Tettigoniidae based on modern systematic methods was only recently presented (Mugleston et al. 2013) . Using six genes across 135 katydid taxa, the overall relationships within the family began to take shape, but many of the deeper nodes were not well supported leaving relationships between some subfamilies in question. It is clear that the taxonomy for this incredibly diverse insect family is outdated and based largely on convergent, and not phylogenetically informative, characters.
Tettigoniidae represents an ancient group of ensiferan insects with estimates putting the origin of this group in the late Jurassic to the early Cretaceous (Song et al. 2015) . Fossil records for Ensifera, the suborder that includes Tettigoniidae among other families, date back to Raphogla rubra (Béthoux et al. 2002) (Orthoptera: Raphoglidae) nearly 250 MYA (Bethoux et al. 2002) . Definitive fossils for katydids are known from the Cenozoic (Piton 1940 , Sharov 1968 , Gorochov 1995a , Storozhenko 1997 , but the tempo and timing of katydid evolution has yet to be addressed.
For many katydids, the wings resemble leaves and provide protection from predators (Castner and Nickle 1995b ) via crypsis. The independent derivations of leaf-like wings indicate that this particular morphology may be advantageous for arboreal katydids and are likely a result of similar environmental constraints that repeatedly selected for this particular form (Mugleston et al. 2016) . It is apparent that the subfamily distinctions are often vague and in many cases are based on similar ecomorphs and not shared derived characters. For example, small, gracile, green or yellow predatory katydids with long legs for grasping insect prey are often placed within the subfamily Meconematinae. While these features probably aid in the predatory habits of these katydids, they are convergent features as Meconematinae is not monophyletic. Additional characters used to identify katydid subfamilies can also be associated with the unique ecology of those katydid lineages including head shape (e.g., Bradyporinae, Hetrodinae, and Conocephalinae) and overall appearance (e.g., Tettigoniinae and Listroscelidinae). The extensive paraphyly within Tettigoniidae (Mugleston et al. 2013 (Mugleston et al. , 2016 indicates a critical need to investigate whether the current taxonomy, particularly the taxonomy of widespread and diverse groups, is based on ecomorph convergence rather than phylogenetic history.
The purpose of this paper is to assess the phylogeny of Tettigoniidae using an extensive taxon sampling across five genes. With this phylogeny in place we address the following: 1) do the katydid subfamilies and tribes represent monophyletic groups?; 2) what lineage of katydids is sister to all other katydids?; and 3) do the morphological characters currently used to delineate katydid subfamilies and tribes represent synapomorphies or convergent features of similar ecomorphs?
Materials and Methods

Taxon Sampling
The taxon sampling was designed to best represent the taxonomic and geographic diversity across Tettigoniidae. Katydid subfamilies were sampled relative to the number of species described within (e.g., Phaneropterinae contains ~35% of the known katydid species and represents ~35% of our sampled taxa). Sampling was also focused within widely dispersed taxonomic groups (e.g., Conocephalini) and taxa with noncontiguous distributions or large gaps between species distributions (e.g., Listroscelidinae). Additional sampling among paraphyletic subfamilies and tribes identified from previous work Zeuner's (1936) The terms 'primitive' and 'advanced' were later added by Rentz (1979) . (Mugleston et al. 2013 (Mugleston et al. , 2016 ) was conducted to further refine our understanding of these problematic groups. Katydid exemplars were selected from 18 of the 20 extant subfamilies (90%), 64 of the 89 tribes (72%), and 189 of 1247 genera (15%) ( Table 2 ). The total ingroup sample consisted of 235 katydid species, including 50 taxa unique to this study (Table 3) . We were unable to sample two small subfamilies.
The first, Acridoxeninae (one sp.), has been posited to represent an ancient divergence from the rest of the Tettigoniidae (Rentz 1979) . This monotypic subfamily is restricted to tropical West Africa and we were unable to obtain specimens suitable for DNA extraction. The second is Microtettigoniinae (seven spp.), a subfamily of diminutive katydids that are thought to represent a more recent divergence, and their absence is not critical to understanding the deeper nodes in our tree. Outgroup taxa from three superfamilies (Stenopelmatoidea, Hagloidea, and Rhaphidophoroidea) that are hypothesized to be closely related to Tettigoniidae (Song et al. 2015) were included. Specimen vouchers are deposited in the Insect Genomics Collection, M.L. Bean Museum, Brigham Young University.
DNA Extraction and Sequencing
Muscle tissue (~25 mg) was extracted from the mesothoracic (larger specimens) or metathoracic (smaller individuals) femora of voucher katydids. DNA extractions were conducted using Qiagen DNeasy Blood and Tissue kit (Valencia, CA) following the protocol supplied by the manufacturer. Five loci (two ribosomal DNA, one mitochondrial, and two nuclear proteincoding) commonly used in insect phylogenetic studies were used for this analysis (Colgan et al. 1998 , Whiting 2002 , Svenson and Whiting 2004 , Buckman et al. 2013 , Mugleston et al. 2013 . The five loci include 28S ribosomal subunit (28S rDNA, 2.2 kb), 18S ribosomal subunit (18S rDNA, 1.9 kb), cytochrome c oxidase subunit II (COII, 650 bp), histone 3 (H3, 375 bp), and wingless (WG, 450 bp). Genes were sequenced and amplified using oligonucleotide primers from Integrated DNA Technologies (San Diego, CA). PCR protocols were previously developed for H3 (Colgan et al. 1998 ), 28S rDNA (Whiting 2002 , Mugleston et al. 2013 ), 18S rDNA (Whiting 2002) , WG (Wild and Maddison 2008) , and COII Whiting 2004, 2009) (Table 4) . PCRs for ribosomal genes were conducted after replacing 1.25 µl of water with DMSO. All reactions were run on GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA). PCR product was inspected with 2% agarose gel electrophoresis using ethidium bromide to confirm amplification and test for contamination. Products were cleaned with PrepEase purification plates (USB Corporation, Cleveland, OH) Second primer set used if the previous set was unsuccessful in amplifying desired sequence. Nested PCR with only the nested primers used for sequencing. 
Alignment
Contigs were concatenated and edited using Geneious v6.1.5 (Kearse et al. 2012) . Primer regions were trimmed from the ends of the concatenated sequences. Protein-coding sequences were translated to amino acid sequences using MEGA v5 (Kumar et al. 2008) . Edited sequences were submitted to GenBank (Table 3) . Once the proper reading frame was established, sequences were aligned using the MUSCLE plugin under the default parameters found in MEGA (Kumar et al. 2008 ). Aligned amino acid sequences were then back translated into nucleotide sequences and these were exported for further analysis. 28S rDNA and 18S rDNA were aligned using MAFFT v6 (Katoh et al. 2005) under the E-INS-I algorithm with the default settings. E-INS-I was developed to handle data with intermixed conserved and nonconserved regions (Katoh et al. 2005) .
Phylogenetic Analysis
Phylogenetic analyses were conducted using BEAST v1.8 (Drummond et al. 2012 ). Data were partitioned using PartitionFinder v1.1 (Lanfear et al. 2012) and by gene for the analysis. When data were partitioned via PartitionFinder, BEAST did not reach stationarity so the partition by gene data set was used. BEAUTI v1.8 (Drummond et al. 2012 ) was used to build the necessary .xml files for the BEAST run. Parameters of the run included a lognormal relaxed clock with the tree prior set to Yule process. A starting tree was generated from RAxML (Stamatakis 2006) partitioning the data by gene. Three independent BEAST runs at 40 × 10 7 sampling every 40,000 generations were conducted using the BYU super computing resources (https://marylou.buy.edu/). Log files were inspected in Tracer v1.5 (Rambaut and Drummond 2003) to determine whether length of the runs was sufficient to reach stationarity, determine the log likelihood score for the runs, and determine whether the estimated sample sizes (ESS) were sufficient for the analysis. Tree files from the independent runs were combined using LogCombiner v1.8 (Drummond et al. 2012 ) with a resampling frequency of every 120K generations to get the ~10,000 data points as recommended by the developers. Twentyfive percent of each tree file was removed as burn-in. TreeAnnotator v1.8 (Drummond et al. 2012 ) was used to find the best tree within the sample trees.
Divergence Time Estimates
Divergence time estimates were made using BEAST v1.8 Rambaut 2007, Drummond et al. 2012 ). Parameters, programs, and methods for verifying stationarity are identical to those described above with the following exceptions: the tree prior was set to Yule process and lognormal for fossil calibration points. Monophyly was constrained for subfamilies with fossil calibrations (Table 5) . One calibration point, Eomortoniellus sp., was used for the subfamily Lipotactinae. Currently, Eomortoniellus (Zeuner, 1936) is listed under Tympanophorinae (Cigliano et al. 2017 ). Lipotactinae was originally described as a tribe (Lipotactini) within Tympanophorinae. When Lipotactinae was elevated to a subfamily (Ingrisch 1995) , only the extant genera were addressed. More recently, the extinct fauna were described as belonging to the tribe Lipotactini (=Lipotactinae) Gorochov (2010) . Three independent runs for 35 × 10 7 generations and sampling every 35K generations were conducted. After the analyses reached stationarity, the treefiles were combined as above with 10% removed as burn-in. The tree was then imported to Adobe Illustrator CS5 v15.0 for editing.
Biogeography
To investigate the biogeographic origins of the major katydid clades, the ancestral ranges were inferred using BioGeoBEARS in R (Matzke 2014) . The script provided by the developers allows probabilistic models of biogeography to be compared statistically using the likelihood ratio test. BioGeoBEARS includes a variable (+J) to account for the possibility of founder effect in the separate clades. Geographic areas were designated as in Cox (2001) .
Zoobank Registration
This paper and the nomenclatural act(s) it contains have been registered in Zoobank (www.zoobank.org), the official register of the International Commission on Zoological Nomenclature. The LSID (Life Science Identifier) number of the publication is: urn:lsid:zoobank. org:pub:087BB8D2-AA12-4E6B-915E-DA8E77707041.
Results
Alignment
The concatenated and aligned data set is 5,398 bp. Protein-coding genes were aligned unambiguously once the reading frames were established. An indel within WG resulted in a 3-bp gap in the alignment of all sampled taxa except the outgroup Rhaphidophoridae. In three taxa, Vestria sp. (Stål, 1874) (Conocephalinae), Phlugis irregularis (Brunner, 1915) (Phlugidini), and Phlugis sp. (Stål, 1861) (Phlugidini), the gap was an additional 3 bp (total of 6 bp). Alignments of 18S rDNA and 28S rDNA contained conserved and variable regions. These variable regions were included in the analysis as they have been shown to have no significant affect on the final topology (Mugleston et al. 2013 (Mugleston et al. , 2016 .
Phylogenetic Analysis
The optimal tree from the BEAST analysis (log likelihood −1.133E5) is shown in Figs. 2 and 3 . Our topology is largely congruent with that of earlier analyses (Mugleston et al. 2013 (Mugleston et al. , 2016 , but provides greater detail into the phylogenetic relationships of the tribes and subfamilies of Tettigoniidae. We found Tettigoniidae to be monophyletic, and the sister relationship between Tettigoniidae and the outgroup taxa is in line with the findings of Song et al. 
Topological Congruence With Taxonomy
As in our earlier studies (Mugleston et al. 2013 (Mugleston et al. , 2016 , the majority of katydid species are contained within two large clades: the Tettigonioid clade (Fig. 2) and Phaneropteroid clade (Fig. 3) . Sister to these two clades is a smaller group containing four small subfamilies. The Tettigonioid clade has three major subclades, the Pterochrozinae group, Conocephalinae group, and Tettigoniinae group. The Pterochrozinae group forms the sister group to the remaining Tettigonioid clade (Conocephalinae group + Tettigoniinae group). Within the Tettigonioid clade the subfamilies Pterochrozinae, Conocephalinae, Hexacentrinae, Hetrodinae, Austrosaginae, and Lipotactinae are monophyletic. Paraphyletic subfamilies within the Tettigonioid clade include Meconematinae, Listroscelidinae, Tettigoniinae, and Bradyporinae. Within the Phaneropteroid clade are three additional subfamily groups including the Mecopodinae group, Pseudophyllinae group, and Phaneropterinae group. The Mecopodinae group is sister to Phaneropterinae group + Pseudophyllinae group. Within the Phaneropteroid clade only Phyllophorinae is recovered as monophyletic. Mecopodinae, Phaneropterinae, and Pseudophyllinae are all paraphyletic. Details of relationships within each of these clades are described in the sections below.
Divergence Time Estimates
The topology of the time-calibrated tree (Figs. 4 and 5) is largely congruent with the topology presented in Figs. 2 and 3 , except for the positions of a small number of ingroup taxa and one apical clade (indicated by asterisks in Figs. 4 and 5) . The positions of these taxa were not well supported in previous analyses, and the differing placement of these taxa on the time-calibrated tree does not affect overall statements of monophyly or biogeography within the subfamilies, subfamily groups, or subclades. The most notable differences are in relationships among the outgroup taxa. This is likely due to the forced monophyly of the ingroup in the time-calibrated tree, the under sampling of outgroup taxa, and the fact that the divergence estimate required a different model. Bayarealike+J model (LnL = −335.9) was selected for biogeographic range indicating long-range dispersal has played an important role in the biogeographical history of Tettigoniidae.
Divergence estimates place the origin of tettigoniids in the late Jurassic around 155 MYA, a date that is congruent with earlier estimates (Song et al. 2015) . The earliest divergence between 
Taxonomy and Biogeography
Many katydid subclades are more congruent with biogeography than the current taxonomy as seen by mapping the biogeographic regions onto the tree topology. For example, the Pterochrozinae group includes Arachnoscelis (Karny, 1911) (traditionally part of Meconematinae), Platydecticus (Chopard, 1951) (traditionally part of Tettigoniinae), and the monophyletic Pterochrozinae ( Fig. 4 ; Node 1). Although taxonomically distant, these closely related lineages are all found in the Neotropics. Additional examples of clades that share a common geographic range but show relationships contrary to current taxonomy are Copiphorini and Agraeciini (Conocephalinae) in the Neotropics (Fig. 4 ; Node 2), Hexacentrinae + Requena (Walker, 1869) (traditionally a genus within Listroscelidinae) both originate in the Australasian region ( Fig. 4; Node 3) , Alfredectes sp. (Rentz, 1988) (currently a genus in Tettigoniinae) + Hetrodinae in Africa ( Fig. 4 ; Node 4), and Rhachidorus sp. (Herman, 1874) (currently a genus in Tettigoniinae) + Phisidini (traditionally considered Meconematinae) in the Australasian region ( Fig. 4 ; Node 5), and Chlorobalius (Tepper, 1896) (traditionally considered a genus in Listroscelidinae) + Austrosaginae in Australia (Fig. 4; Node 6) . Subfamilies and tribes with broad distributions were largely found to be paraphyletic. Meconematinae is split between four clades within the Tettigonioid clade (Fig. 6) . Arachnoscelis is found within to the Neotropical Pterochrozinae group and not within the Phisidini as suggested by its current taxonomic placement in that tribe. Phlugidini, a Neotropical and Australasian tribe of Meconematinae is sister to Conocephalinae. The remaining two tribes currently described under Meconematinae are found in the Tettigoniinae group. Phisidini (excluding Arachnoscelis) is sister to the African clade (Hetrodinae + Alfredectes sp.). Meconematini, the Indomalayan/Palearctic tribe, is sister to (Hetrodinae + Arytropteris [Herman, 1874] ) + Phisidini. A similar trend is seen in the shieldback katydid subfamily Tettigoniinae (Fig. 7) . Holarctic shieldback katydids sampled in this study all fall within an apical clade of the Tettigonioids. However, three taxa from the southern hemisphere, Alfredectes, Rhachidorus, and Platydecticus, are sister to subfamilies that are geographically close to each lineage and not the larger Holarctic Tettigoniinae. The phaneropteroid subfamily Pseudophyllinae (Fig. 8) was recovered as paraphyletic due to lineages that diverged early from the rest of the Phaneropteroid clade (Simodera sp.) (Karsch, 1891) and three lineages currently considered part of Pseudophyllinae, but present within the Mecopodinae group as discussed below. In contrast to these trends, the large (~1,300 species), cosmopolitan subfamily Conocephalinae is monophyletic, although the tribes Copiphorini and Agraeciini are paraphyletic. Most the Copiphorini and Agraeciini are grouped by biogeographic region except for the slender, grass-like conehead clade containing Ruspolia (Schulthess, 1898), Neoconocephalus (Karny, 1907) , Pseudorhynchus (Serville, 1838), etc. which are found nearly worldwide and discussed in more detail below.
Discussion
Katydid Basal Relationships
Previous works have been uncertain as to how the katydid lineages are related. Zeuner's (1936) basal Brachycephalia (Table 1) share characters thought to be plesiomorphic including a globose head, a protrusion (fastigium) of the forehead (vertex), and antennae that insert below the ventral margin of the eyes. Rentz (1979) presented a comparable division with his 'primitive' and 'advanced' katydids using similar characters to Zeuner's Brachycephalia and Dolichocephalia, respectively. Gorochov (1988) presented yet another hypothesis in his cladogram with (((Mecopodinae + Phyllophorinae) + Pseudophyllinae) + Phaneropterinae) as sister to the remaining Tettigoniidae. Recently, it was proposed that Nearctic Nedubini (Tettigoniinae) is sister to all other katydids (Cole and Chiang 2016) with the ambidextrous wings, pronotum, and feeding habits unifying this early split from the rest of the other lineages. Nedubini is present in this analysis, but only South American and Australian lineages that are nested within the Tettigonioid clade and not sister to all other Tettigoniidae. Our earlier investigations presented Pterochrozinae as the sister lineage to all remaining katydids (Mugleston et al. 2013 ) though these results were not well supported. A subsequent and larger analysis sampling a greater diversity of Tettigoniidae (Mugleston et al. 2016) found a clade comprised of the three Australian endemics and Saginae (((Phasmodinae + Tympanophorinae) + Zaprochilinae) + Saginae) as sister to the remaining katydids.
In this study, the clade consisting of three small (38 spp.) Australian subfamilies (Zaprochilinae, Tympanophorinae, and Phasmodinae) and Saginae is again recovered as sister to all the remaining katydids (Fig. 9) . The Australian subfamilies include Tympanophorinae (balloon wing predatory katydids) and two subfamilies of the stick-like, nectar and pollen feeders (Phasmodinae and Zaprochilinae).
Saginae is supported as a monophyletic subfamily. Its position relative to the other katydids was uncertain in our prior analyses (Mugleston et al. 2013 ) but the additional taxa in this analysis provides support for Saginae diverging relatively early and being sister to the three Australian endemic subfamilies.
Tettigonioid Clade
This large clade was recovered in similar form to previous analyses (Mugleston et al. 2013 (Mugleston et al. , 2016 . Leaf-like wings are largely absent from this clade with a few noteworthy exceptions including the Pterochrozinae and a few lineages of tropical Conocephalinae and Hexacentrinae. The Tettigonioid clade derives from an Afrotropical ancestor with an early (110 MYA) divergence that coincides with the split of Gondwanaland. The early split in this clade gave rise to the Pterochrozinae group, and an Australasian lineage that eventually gave rise to the Conocephalinae group + Tettigoniinae group. Ten subfamilies are contained within this clade. Of these 10, only six are monophyletic: Pterochrozinae, Conocephalinae, Hexacentrinae, Hetrodinae, Lipotactinae, and Austrosaginae.
Pterochrozinae Group
The earliest divergence in the Tettigonioid clade gave rise to the Pterochrozinae group (Fig. 10) . Pterochrozinae was recently elevated from a tribe within Pseudophyllinae to a subfamily (Braun 2015) based on the results of Mugleston et al. (2013) where it was made evident Pterochrozinae was not closely related to the other pseudophyllines. The impressive leaf-like disguises of Pterochrozinae have made them the quintessential example of katydid crypsis. Pterochrozinae split from their most recent non-leaf-like ancestor roughly 80 MYA. The diversification of this group coincides with the rapid diversification of angiosperms (Magallón and Castillo 2009 ) which may have contributed to the Neotropical radiation of these leaf-like katydids. The positions of Platydecticus and Arachnoscelis as sister to the Pterochrozinae are not well supported (pp 0.86 and 0.74, respectively). The taxonomic position of Arachnoscelis has been questioned in the past. Gorochov (1995b) thought this genus would be best placed within the Phisidini though others have proposed this genus being part of the 'catch-all' subfamily Listroscelidinae (Rentz 2001 , Fialho et al. 2014 . The authors' earlier phylogenetic work placed this subfamily as sister to the Neotropical tribe Phlugidini (Mugleston et al. 2013 ) and these results were the basis for Cadena-Castañeda and García (2014) proposing Arachnoscelis to be separate from the other Meconematinae and possibly along with Phlugidini a separate subfamily from the remaining Meconematinae. Our results place Arachnoscelis as a sister lineage to the Neotropical Pterochrozinae group and it seems apparent that this genus is not closely related to others currently described under Meconematinae or Listroscelidinae. Another taxon in the Pterochrozinae group is the shieldback genus Platydecticus. Under the current taxonomy, this genus of WG diminutive shieldback katydid is within the Tettigoniinae tribe Nedubini. Our results further support the arguments against including Platydecticus within Tettigoniinae (Rentz 1979, Cole and Chiang 2016) .
Conocephalinae Group
As in our prior work (Mugleston et al. 2013 (Mugleston et al. , 2016 , the well-supported Conocephalinae group contains the primarily New World tribe Phlugidini (currently seen as a tribe in Meconematinae) and the monophyletic subfamily Conocephalinae. This group diverged from the sister Tettigoniinae group about 95 MYA. By 85 MYA, the ancestor to the Phlugidini dispersed to the New World and eventually gave rise to that clade. The Conocephalinae are Australasian in origin, but have had numerous oceanic dispersals giving this large subfamily its current cosmopolitan distribution.
Phlugidini
Phlugidini is monophyletic and sister to the conehead katydids (Conocephalinae; Fig. 11 ). Phlugidini in this analysis includes the diminutive Phlugiola arborea (Nickle, 2002) which was recovered as the sister lineage to the Old World Austrophlugis (Rentz, 2001 ) + the New World Phlugis. This relationship implies a more recent dispersal back to Australia. Similarities between the other Meconematinae tribes and Phlugidini are apparently convergent and may be linked to the constraints that led to the independent derivations of these small, agile predatory katydids. The paraphyly of Meconematinae was presented in earlier studies (Mugleston et al. 2013 (Mugleston et al. , 2016 supporting Phlugidini being separate from Meconematinae and warranting the potential elevation of Phlugidini from a tribe within the Meconematinae to its own subfamily. Further work to revise Conocephalinae may allude to characters that link Phlugidini as an aberrant form of Conocephalinae as has been suggested (CadenaCastañeda and García 2014).
Conocephalinae
The conehead katydids (Conocephalinae), so named for the hypognathous faces giving the head a cone-like appearance, form a large and diverse lineage that is well supported as a monophyletic group. This subfamily is further split into two subclades. The first subclade (Fig. 12) consists of the monophyletic tribe Conocephalini (meadow katydids). In agreement with our prior work (Mugleston et al. 2013 (Mugleston et al. , 2016 , the Agraeciini and Copiphorini tribes (Fig. 13) are paraphyletic. The monophyly of these tribes has been a difficult topic for more than a century, as the characters that separate the tribes are not clear. Caudell (1911) following Redtenbacher (1891) separated the two by the fastigium (point) of the vertex being noticeably narrower than the first antennal segment (Agraeciini) rather than wider than the first segment (Copiphorini). The difficulty of placing taxa within these similar tribes was recognized early on (Caudell 1918 , Zeuner 1936 ). Walker and Gurney (1972) provided a table with five characters used to differentiate the two tribes, but four of the five characters included the qualifiers 'usually', 'seldom', or 'often'. One character on Walker and Gurney's table was fixed in both tribes: the ventral tooth of the vertex. The lack of characters to distinguish the two tribes has led to a number of taxa being difficult to place. For example, Sphyrometopa (Carl, 1908) has a broad fastigium typical of Copiphorini, but a curved ovipositor and no tooth on the ventral surface of the vertex. The latter set of characters has led to Sphyrometopa being placed within Agraeciini, although our results show it is more closely related to the Neotropical Copiphora (Serville, 1831). Overall, the differences between these tribes are limited to a minor difference in the projection from the vertex and this does not appear to be phylogenetically informative. From our results it is clear in some cases biogeographic regions are a better indicator of relationships within this conehead subclade (e.g., Indomalayan Agraeciini, Australasian Agraeciini, and Neotropical Agraeciini + Copiphorini). An obvious exception to this is the clade of slender Copiphorini (Neoconocephalus, Euconocephalus (Karny, 1907) , Ruspolia, Belocephalus (Scudder, 1875) , Pseudorhynchus, etc.). These katydids are widespread and represent multiple oversea dispersals leading to their current worldwide distribution. The overlap in morphology between the two tribes has made the differences between them difficult to ascertain. The single character used to distinguish the tribes is not useful, and there appears to be no real support or justification for the continued use of both tribes Agraeciini and Copiphorini. To alleviate further confusion, Copiphorini should no longer be viewed as a valid tribe and the species currently within this tribe should be placed within Agraeciini, the senior listing.
Tettigoniinae Group
The remaining subfamilies in the Tettigonioid clade are found within the Tettigoniinae group. This group includes taxa currently listed under the subfamilies Listroscelidinae, Hetrodinae, Hexacentrinae, Meconematinae, Tettigoniinae, Lipotactinae, Bradyporinae, and Austrosaginae. The Tettigoniinae group can be further divided into two subclades. The first subclade (Fig. 14) is composed of Australian and African lineages currently listed under Tettigoniinae, Hexacentrinae, and Hetrodinae, the Meconematinae tribes Phisidini and Meconematini, and the Listroscelidinae tribe Requenini. Sister to this cohort of smaller subfamilies and tribes are the Holarctic shieldback katydids (Tettigoniinae) and their closely related lineages (Austrosaginae, Lipotactinae, the Bradyporinae tribe Ephippigerini, and the Listroscelidinae tribe Terpandrini). The relationships between the smaller subfamilies and the Tettigoniinae have long been debated with current subfamilies being viewed as tribes within other subfamilies and various sister relationships as discussed below.
Requenini, Hexacentrinae, Meconematini, Nedubini, Phisidini, Arytropteridini, and Hetrodinae This large and taxonomically jumbled subclade contains taxa currently described under five subfamilies (Fig. 14) . An early split in this subclade gave rise to the monophyletic Hexacentrinae and the Australian tribe Requenini. The relationship of Requena and other katydids has been contested with Rentz (2001) including Requenini as a tribe within Listroscelidinae-a position that it holds today. This position was questioned by Gorochov (2007) who concluded the placement of this tribe is unclear. Additional work is required to determine whether Requenini is an aberrant tribe within Hexacentrinae, or a unique subfamily sister to the Hexacentrinae. However, it is evident that Requenini is neither Conocephalinae nor is it closely related to other taxa currently described as Listroscelidinae and should not be included in either. In agreement with prior analyses, Hexacentrinae was supported as monophyletic. The position of Hexacentrinae has been disputed in the past with some placing this subfamily as a tribe within Conocephalinae (Gorochov 1995a) , or Listroscelidinae (Rentz 1996 (Rentz , 2001 . Recently, attention has shifted to the relationship between this subfamily and the other katydids. Gorochov (2007) posited a sister relationship between Hexacentrinae and Conocephalinae though our results do not support this. The monophyly of the remaining Tettigoniinae group is largely congruent with biogeography. For instance, Meconematini has an Indomalayan and Palearctic distribution. This tribe was thought to be closely related to Phisidini based on stridulatory structure (Gorochov 2007 ) but the two tribes were not found to be sister. Instead, the Australasian and Malagasy Phisidini is sister to the Australian shieldback katydids Rhachidorus. The tribes within Meconematinae do not form a monophyletic group and represent at least three distinct lineages that have converged to similar morphologies. Meconematinae is paraphyletic and should no longer be considered a valid group in current taxonomy. The remaining lineages in this clade comprise the African Hetrodinae and their sister taxon, the African shieldback tribe Arytropteridini. Currently, Arytropteridini is considered a tribe in Tettigoniinae, but these results put the tribe as a separate subfamily, or an aberrant lineage of Hetrodinae. Arytropteridini and Rhachidorus (traditionally considered lineage of the tribe Nedubini) further support the earlier claim that the southern hemisphere Tettigoniinae represent convergent ecomorphs with the Holarctic shieldback katydids or represent a relict form shared with the other species traditionally considered Tettigoniinae. Further investigation into the lineages of the paraphyletic Nedubini is necessary to determine how these taxa are related. In light of the findings here, and in Cole and Chiang (2016) , it is apparent that Nedubini is not a monophyletic tribe and the taxa currently described within this tribe should not be included within Tettigoniinae.
Lipotactinae, Terpandrini, Austrosaginae, and Holarctic Tettigoniinae Lipotactinae is monophyletic and sister to Neobarrettia + ((Austrosaginae + Chlorobalius) + Holarctic Tettigoniinae) (Fig. 15 ). Lipotactinae was originally described within Tympanophorinae (Zeuner 1936 ) but elevated to a subfamily by Ingrisch (1995) due to Insect Systematics and Diversity, 2018, Vol. XX, No . XX Downloaded from https://academic.oup.com/isd/article-abstract/2/4/5/5073246 by ESA Member Access user on 27 December 2018 differences in thoracic sterna, thoracic auditory spiracle, compressed tibia, etc. While emphasis was placed on the extant taxa when these subfamilies were divided, the fossil katydids were not addressed, leaving Eomortoniellus spp. under Tympanophorinae instead of moving them along with their modern counterparts Lipotactes (Brunner von Wattenwyl, 1898) to Lipotactinae. Gorochov referred to Lipotactinae as a tribe (presumably under Tympanophorinae) and included Eomortoniellus with the other Lipotactinae (Gorochov 2010) . Tympanophorinae and Lipotactinae are not closely related and similarity between these two groups is likely due to ecomorphic convergence as in the other distantly related katydid subfamilies. Listroscelidinae was shown to be paraphyletic (Mugleston et al. 2013 ) and the distantly related taxa (Meiophisis (Jin, 1992) and Arachnoscelis) have since been removed from Listroscelidinae. However, with our additional sampling, the 'taxonomic dump' of Listroscelidinae was again verified (Mugleston et al. 2016) . In addition to the Requenini mentioned above, samples from North American and Australian taxa within the tribe Terpandrini were included in this study. Australian Chlorobalius are sister to Australian Austrosaginae and not North American Neobarrettia. Terpandrini historically has been included in both Saginae (Gorochov 2007) and Listroscelidinae (Rentz 2001 , Naskrecki and Rentz 2010 , Fialho et al. 2014 . Likewise, Austrosaginae genera were also included within Saginae and only elevated to subfamily rank in the last few decades (Rentz 1993) . Austrosaginae, Saginae, and the taxa previously described under the paraphyletic Listroscelidinae are all predatory katydids with similar habitus. The taxonomic confusion is another apparent case where convergence in ecomorphs has led to invalid taxonomic groupings. Saginae is only a distant relative to the Austrosaginae and species traditionally described under Listroscelidinae. Additionally, Listroscelidinae are more closely related to biogeographically close taxa in separate subfamilies than to other Listroscelidinae once again verifying that this subfamily does not represent a monophyletic group and should no longer be considered valid.
The nominate subfamily Tettigoniinae is paraphyletic as it is currently defined. The Holarctic Tettigoniinae is not a monophyletic group because the Bradyporinae genus Ephippiger sp. (Berthold, 1827) is nested within this group. As with the other large katydid subfamilies, widespread tribes are not monophyletic and similar morphology may have more to do with similarity in habitat and independent selective pressures than with phylogeny. Two relatively recent dispersals to Nearctic regions occurred. The first gave rise to Anabrus simplex (Haldeman, 1852), the Mormon cricket. The second is a more recent transition that gave rise to the more apical North American shieldbacks. Tettigoniinae are largely recognized by features associated with spines, plantula, and ovipositor but the characters that are used to define this group do not account for the various southern hemisphere taxa that are currently described as Tettigoniinae but only distantly related. If Tettigoniinae is to continue being used, it should only include the Holarctic taxa + Ephippiger sp. and exclude the taxa currently described in the tribe Nedubini. Table 6 . Taxonomic changes recommended in this study.
Necessary changes to paraphyletic subfamilies:
• Meconematinae should no longer be used • Listroscelidinae should no longer be used • Mecopodinae should no longer be used unless changes are made to exclude Aprosphylini and include the tribes Ischnomelini and Phrictini (formerly Pseudophyllinae) and the subfamily Phyllophorinae • Pseudophyllinae should no longer be used unless Simoderini, Phrictini, and Ischnomelini are removed • Tettigoniinae should only include the Holarctic shield back tribes and Ephippigerini (formerly Bradyporinae).
• Phaneropterinae should include Zichyini (formerly Bradyporinae) Paraphyletic tribes and genus groups that should no longer be used unless further revised 
Phaneropteroid Clade
The Phaneropteroid clade was originally presented as Clade B in Mugleston et al. (2013) . Heller et al. (2014) recommended reinstating the family Phaneropteridae to include Mecopodinae, Pseudophyllinae, Phyllophorinae, and Phaneropterinae. Braun (2015) and Song et al. (2015) noted the problems with the changes and Braun (2015) changed Phaneropteridae to the unofficial listing of a subfamily group. We refer to the four subfamilies, Pseudophyllinae, Mecopodinae, Phyllophorinae, and Phaneropterinae (with Zichyini) as the Phaneropteroid clade to avoid further confusion with use of Phaneropteridae, and pending the much-needed revisions of the Tettigoniidae subfamilies. The Phaneropteroid clade is most frequently associated with the leaf-like disguises, as many lineages have independently derived the leaf-like form (Mugleston et al. 2016 ). Mecopodinae and Pseudophyllinae are both widespread, primarily tropical, and paraphyletic. Phaneropterinae (>2,600 species) is not monophyletic due to the tribe Zichyini (currently considered in Bradyporinae) nested within this widespread and highly diverse clade. Two early splits within the Phaneropteroid clade gave rise to Simodera (Simoderini) and Zitsikama (Péringuey, 1916) (Aprosphylini). Originally Simodera was described as a mecopodine (Karsch 1891) but later moved to Pseudophyllinae (Kirby 1906) . Only a single Simoderini was included in this analysis but the current results support removing this tribe from Pseudophyllinae. Likewise, the relict Zitsikama is separate from the remaining Mecopodinae and warrants removal from this subfamily.
Mecopodinae Group
Mecopodinae, Phyllophorinae, and two New World taxa currently listed under Pseudophyllinae (Goethalsiella (Hebard, 1927) and Ischnomela (Stål, 1873)) form a clade sister to the remaining Phaneropteroid clade (Fig. 16 ). Goethalsiella and Ischnomela (Ischnomelini) are sister to the remaining Mecopodinae group and their position away from the remaining Neotropical Pseudophyllinae brings further question to the validity of the characters used to define the false-leaf katydids and the continued use of Pseudophyllinae. The Australian Phricta spinosa (Redtenbacher, 1892) is nested within the mecopodine tribe Sexavaini. This genus was originally included within Mecopodinae (Kirby 1906) but later moved to Pseudophyllinae in the tribe Phrictini based on adult specimens sharing more characters with Pseudophyllinae including strongly marginated antennae and a thoracic auditory spiracle that is small, uncovered, and inconspicuous (Rentz et al. 2005) . However, Rentz et al. (2005) did recognize that some characters resembled Mecopodinae including the open tibial auditory tympanum and they mentioned further work was necessary. The well-supported position nested in Sexavaini indicates Phricta should be within the tribe Sexavaini and not remain in Pseudophyllinae. The subfamily Phyllophorinae is also nested within the Mecopodinae group. Phyllophorines are unique in that males lack the stridulatory regions responsible for the katydid 'song'. In addition to lack of wing stridulation, this subfamily is also identified by the large dentate or crenulate margins of the pronotum (Rentz 1979) . It is evident, however, that this monophyletic subfamily is nested within the Mecopodinae group and may require further revision as future work revises the taxonomy of this group.
Pseudophyllinae Group
Pseudophyllinae (false-leaf katydids) under its current definition contains nearly 1,000 described species. Most species within this subfamily are placed in one of two supertribes: Pleminiiti and Pseudophylliti. Taxa currently considered within this subfamily are found primarily in the Old World and New World tropics with a few found in the Holarctic region. False-leaf katydids are generally recognized by the strong margins around the antennae and the small, exposed thoracic auditory spiracle. However, the auditory spiracle was shown to be convergent (Mugleston et al. 2013 ) and has resulted in the subfamily Pterochrozinae being removed from within Pseudophyllinae.
The remaining taxa, which have been traditionally assigned to Pseudophyllinae, are confined to two clades. One clade is predominantly Old World katydids (Fig. 17) that show multiple dispersals to Africa from an Indomalayan ancestor. The two tribes with more than a single exemplar, Cymatomerini (bark-mimicking katydids) and Phyllomimini, were found to be paraphyletic. Pseudophylliti is currently paraphyletic and should not continue to be used unless the genus Phricta is removed from this superfamily.
The second clade in the Pseudophyllinae group contains primarily New World taxa with the exception of the African genus Adenes (Karsch, 1891) (Fig. 18) . Transoceanic dispersal to Africa from a Neotropical ancestor is evident from the African lineage being a more recent split in this clade. The genera in this clade are currently placed in the supertribe Pleminiiti, but Pleminiiti is paraphyletic due to Goethalsiella sp. and Ischnomela sp. recovered as sister to the rest of the Mecopodinae group (Fig. 16) as described above. If Pleminiiti continues to be used, Goethalsiella and Ischnomela should not be included in this group.
Phaneropterinae Group
Nearly 35% of all katydid diversity is currently described under Phaneropterinae (Figs. 19 and 20) . The monophyly of this subfamily has been supported in previous analyses (Mugleston et al. 2013 (Mugleston et al. , 2016 but questioned due to Deracantha (Fischer von Waldheim, 1833) (currently Bradyporinae) nested within (Mugleston et al. 2016) . Characters unifying Phaneropterinae typically include the globose head, unarmed prothoracic sternum, short and upturned ovipositor, and hindwings (if present) extending past the tegmina posteriorly. Lineages in this clade are distributed worldwide and in each continent (except Antarctica), can be found in various biomes, and inhabit a variety of niches within each region. Within this clade, most genera are divided among 32 tribes. Many of these tribes are also widely distributed and paraphyletic. From earlier studies it is apparent that convergent ecomorphs due to similar habitats are a common trend in this clade as seen by the five derivations of leaf-like tegmina in the tropical lineages (Mugleston et al. 2016) . As with the other katydid subfamilies, many of the Phaneropterinae tribes were described more than a century ago and the lines between the tribes have been blurred as more species have been identified resulting in nearly every phaneropterine tribe including two or more exemplars found to be paraphyletic. The one exception is the Dysoniini, a small tribe of fungus mimics found in the Neotropics. Unlike many of the other subclades, biogeographic regions do not seem to provide much insight into the relationships of this widespread group and may be in part due to the more recent split of the diverse phaneropterine subclade (~75 MYA), multiple transoceanic dispersals, and rapid subsequent radiation.
Conclusion
Tettigoniidae diverged from the remaining ensiferan families in the late Jurassic (~155 MYA), which coincides with the splitting of Gondwanaland into the current southern continents. The cosmopolitan distribution of Tettigoniidae is due in part to the early movement between continents while landmasses were still relatively close, and continued transoceanic dispersal as the continents moved to their current position. A small clade of three Australian endemic subfamilies (Phasmodinae, Tympanophorinae, and Zaprochilinae) and the Saginae form a sister relationship with the remaining Tettigoniidae. However, additional sampling, particularly of Nearctic lineages traditionally described under Tettigoniinae, is necessary to better understand the early patterns of diversification within this family. Many of the smaller or endemic katydid subfamilies are monophyletic. In contrast, most of the larger or widespread subfamilies (e.g., Tettigoniinae, Meconematinae, Pseudophyllinae, and Listroscelidinae) are paraphyletic. Conocephalinae is the exception as a large, diverse, and widespread monophyletic subfamily. However, the two large conocephaline tribes, Agraeciini and Copiphorini, are paraphyletic and share a similar pattern of paraphyly with the large and widespread katydid subfamilies. Phylogenetic relationships are typically better predicted by biogeographic region than traditional taxonomy. This is likely due to widespread ecomorph convergence that has occurred during the diversification and radiation of katydids. This morphological convergence that has confused taxonomists is likely due to comparable selective pressures. As a result, the vague subfamily distinctions are largely based on convergent ecomorphs and not phylogenetically informative characters. This result has been recognized in other groups, including Phasmatodea (Buckley et al. 2009 ), Orthoptera (Rhaphidophoridae) (Allegrucci et al. 2010) Mantodea Whiting 2009, Svenson and Rodrigues 2017) , and Anolis lizards (Losos et al. 1998 ).
Katydid taxonomy is in need of major higher-level taxonomic revisions to address the rampant convergence that has muddied the current taxonomy. This work recommends a few obvious changes in taxonomy to better represent the evolutionary relationships of these insects (Table 6 ). Further work is necessary to define these groups and provide operational morphological characters to better differentiate clades with convergent ecomorphs. This study improves our knowledge of the relationships within Tettigoniidae and provides the first comprehensive analysis of the origins and biogeography of katydids. The difficulty in delineating katydid subfamilies was addressed and we temporarily erected unofficial names for the major clades (Tettigonioid and Phaneropteroid clades) and subfamily groups to serve as placeholders pending further work including the revisions of the subfamilies and the paraphyletic tribes within. It is a major challenge to try to bring order to an incredibly diverse group with such rampant convergence in body forms. Our hope is that this work will form the scaffold upon which future phylogenetic research and taxonomic revision can be based to gain a greater understanding of one of the most remarkable diversification events in all of evolution.
